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Introduction
Over the past decade, membrane bioreactors (MBRs) have been used increasingly often in municipal wastewater treatment as a means to increase effluent quality (Meng et al., 2007 , Rui et al., 2005 , Zhou et al., 2014a . However, membrane fouling can result in decreased membrane performance, reduced productivity and increased costs for cleaning and membrane replacement (Gao et al., 2011 , Xia et al., 2012 . Consequently, membrane fouling has become a key challenge for the application of MBRs. In recent studies, the accumulation of a sludge cake layer has been demonstrated to be the major contributor to membrane fouling in MBRs (Guo et al., 2012 , Meng et al., 2009 , Zhou et al., 2014c .
The deposition of sludge particles, colloids and solutes on the surface of a membrane generates a cake layer, with characteristics similar to porous media characterized by complex systems of connected inter-particle voids. The cake layer formation is a dynamic process, which can be classified into three general phases: (1) particulate cake initiation due to pore blocking; (2) cake formation due to deposition, accumulation and biological activity; and (3) cake compression (Zhang et al., 2006) .
Due to the dynamic formation process and the complex conditions within MBR systems, the structure of the cake layer is generally quite complicated. Overall, cake layers can be divided into organic (e.g. polysaccharides, peptidoglycan, proteins, cells and humicaggregates) and inorganic (e.g.
colloids and inorganic precipitates such as silicates and calcium sulfate) components. In most studies, the organic components, especially soluble microbial products (SMP) and extracellular polymeric substances (EPS), have been considered the major contributors to cake layer formation and membrane fouling (Guo et al., 2012 , Meng et al., 2011 .
The inorganic component of cake layers, which can also play a significant role in fouling, has been described in a variety of studies but has not yet been extensively characterized. For example, Kang et al. (2002) indicated that a thick cake layer composed of biomass and struvite formed on the membrane surface in a membrane-coupled anaerobic bioreactor while Lyko et al. (2007) found that inorganic compounds (mainly metal substances) were more important contributors to membrane fouling than biopolymers. Additionally, recent studies have focused on the fouling variations caused by specific inorganic components (such as Fe 3+ , Ca 2+ , Mg 2+ , Cu 2+ , CrO 4− , etc.), added as amendments in synthetic wastewater containing no insoluble compounds (Arabi and Nakhla, 2009 , Katsou et al., 2011 , Ognier et al., 2002 , Zhang et al., 2008 , Zhang et al., 2006 , Zhou et al., 2014b , Zhou et al., 2014c . In addition, Feng et al. (2013) studied fouling variation using municipal wastewater with specific heavy metal addition. Several papers demonstrated that the inorganic components within membrane cake layers are composed of elements such as Mg, Al, Fe, Ca, Si, etc. (Chen et al., 2012 , Gao et al., 2011 , Meng et al., 2011 , Yang et al., 2011 . However, these studies utilized spot-scan energy-dispersive X-ray analyzers (EDX) for cake component analysis, which is only capable of measuring the elemental distribution within a very small spot of the cake layer surface. No suitable method has yet been applied to characterize the detailed inorganic structure and distribution of inorganic components and their chemical structures in cake layers of MBRs treating municipal wastewater.
This study aims to develop an improved fundamental understanding of the structure and distribution of inorganic components in the fouling cake layers of MBR systems used for municipal wastewater treatment. A laboratory-scale submerged anoxic-oxic membrane bioreactor (A/O-MBR) was operated with municipal wastewater influent for over 90 days to characterize the cake layer by various methods. The BCR (European Community Bureau of Reference) sequential extraction, X-ray photoelectron spectroscopy (XPS), and both map scan and line scan of EDX were performed for characterization of the inorganic distribution along a cross-section of the cake layer.
Methods

A/O-MBR setup
For this study, a laboratory-scale A/O-MBR ( Fig. 1 ) with a working volume of 4.5 L (anoxic and oxic zones of 1.5 L and 3.0 L, respectively) was operated for 90 days. A polyvinylidene fluoride hollow fiber membrane module (pore size 0.4 μm) with a total surface area of 260 cm 2 (Litree Company, China) was mounted in the oxic zone and a constant fluid flux was set at 17 L/(m 2 · h) with an intermittent suction mode (10 min suction and 2 min relaxation for each cycle). Air (0.4 m 3 /h) was supplied continuously through a diffuser to provide oxygen for microbial activity and to induce a cross-flow action for effective scouring of the membrane surface. The air flow rate was adjusted with a gas flowmeter and trans-membrane pressure (TMP) was monitored with a pressure gauge. 
Operational condition
The effluent from an aerated grit chamber of the Quyang municipal wastewater treatment plant (WWTP) (Shanghai, China) treating municipal wastewater and storm water from residential areas and construction sites was used as influent to the anoxic MBR zone. Influent characteristics are shown in Table 1 and S1 (Supporting Information). The inoculating biomass was drawn from the return activated sludge stream in the Quyang WWTP. The newly inoculated A/O-MBR was initially operated for 60 days to achieve steady state for the acclimatization of activated sludge. The membrane module was then replaced with a new unit and the A/O-MBR was operated for 90 days for the experiments. Effluent d 0.06 ± 0.02 0.11 ± 0.13 0.02 ± 0.00 0.00 ± 0.00 8.1 ± 1.5 40 ± 3 0.00 ± 0.00 0.01 ± 0.00 28 ± 5 a The BCR sequential extraction procedure within each fraction of the membrane cake layer was performed in triplicate when the operation of the membrane stopped (TMP = 40 kPa): n = 12. b The BCR sequential extraction procedure within each fraction of sludge was performed in triplicate every 15 days: n = 18. c Average concentrations of inorganic compounds in the reactor influent and effluent were measured every 3 days: n = 30. d Due to the separation performed by the membrane, all reported elements in the effluent were in the soluble fraction. and the reactor temperature was kept at 25-29 °C. When TMP reached 40 kPa, the membrane module was removed for physical (washing with tap water) or chemical cleaning (2% NaClOfollowed by 1% citric acid immersion, each for 4 h, per the manufacturer's instruction) prior to the next run.
Analytical methods
Membrane resistance analysis
It is common to interpret the overall resistance R as the sum of individual resistances . The hydraulic resistance can be calculated using the following equation:
where Rm is the resistance of the clean membrane, Rp is the resistance due to concentration polarization, Ri is the pore blocking resistance and Rc is the fouling layer resistance. n is t, m, p, c or i, ΔP is TMP, J is permeate flux, μ is viscosity of the permeate water. The method to calculate the resistances of the membrane is as follows: (1) Rt -the flux and TMP of the membrane module were measured at the end of the operation period with activated sludge;
(2) Rmthe flux and TMP of the new membrane module were measured before operation using deionized water;
(3) Rp -the flux and TMP of the membrane at the end of the operation period were measured using deionized water and the result was subtracted from Rt to get Rp; (4) Ri -after physical cleaning was applied to remove the cake attached to the membrane, the flux and TMP were measured using deionized water and Rm was subtracted from the result to get Ri ; (5) Rc − Rm, Ri and Rp were subtracted from Rt to get Rc.
Inorganic elements concentrations
The concentrations of inorganic elements in the influent, effluent, sludge and cake layer were analyzed via an inductively coupled plasma-optical emission spectrometer (ICP-OES, Optima 2100 DV, Perkin Elmer, USA) according to the Standard Methods (China-NEPA, 2002) .
Analysis of XPS and XRD (X-ray diffraction)
The biopolymer sample was scraped from the cake layer of the fouled membrane modules and freeze-dried for 48 h prior to XPS (PHI-5000C ESCA, Perkin Elmer, USA) analysis and XRD (Bruker Optik GmbH, Ettlingen, Germany) analysis according to methods described in Jarde et al., 2005, Salaita and Tate, 1998 . The XPS data was analyzed using the software of Auger Scan320Demo.
SEM-EDX (scanning electron microscopy-energy-dispersive X-ray analyzer) analysis
To characterize the cake layer, a piece of the membrane was cut from the middle part of the membrane module after freezing in liquid-nitrogen at the end of operation (when TMP = 40 kPa). 3
replicate samples and 8 spots in each sample were measured for the SEM-EDX analysis. Comparing pretreatments of the cake layer with glutaraldehyde and phosphate buffer to freezing with liquidnitrogen, the liquid-nitrogen-freezing method better preserved the profile of the cake layer and resulted in minimal disturbance of the original metal distribution. The membrane cake layer was characterized with SEM (XL30, Philips, Netherlands) coupled with an EDX (Oxford Isis, UK).
BCR sequential extraction
Inorganic components in the cake layer and the sludge were differentiated into four fractions (the residuals were added as the fourth fraction) according to the BCR (the European Community Bureau of Reference) sequential extraction procedure (Peruzzi et al., 2011 , Rauret et al., 1999 : (F1) Exchangeable fraction associated with carbonates. Metals are adsorbed on the sludge components and iron and manganese hydroxides. This is the most mobile fraction and is potentially toxic for microorganisms. (F2) Reducible fraction associated with Fe and Mn oxides. These oxides strongly bind the heavy metals, but these compounds are thermodynamically unstable in anoxic and acidic conditions. (F3) Organic matter-bound oxidizable fraction. Although metals in the F3 form are generally stable due to the recalcitrance of typical humicorganic matter, they can become soluble if the organic matter is biodegraded. (F4) Residual fraction. The residual fraction that is generally considered to be inert, containing metals that are not extractable by the applied methods.
The inorganic elements in all freeze-dried samples of the cake layer and mixed liquor were fractionated according to BCR sequential extraction as described previously (Li et al., 2013 , Rauret et al., 1999 . Generally, BCR sequential extraction was applied for heavy metal extraction. In addition to traditional heavy metals (such as Cu, Zn, etc.), Mg, Ca, Al and Si were extracted using BCR sequential extraction with extraction efficiencies of 96 ± 4%. The concentrations of inorganic elements in each fraction were determined by ICP-OES (Optima 2100 DV, Perkin Elmer, USA). Each experiment was conducted in triplicate and the results reported were the average values.
Additional analysis
Determination of chemical oxygen demand (COD), ammonia nitrogen (NH4 + -N), total phosphorus (TP), total nitrogen (TN) and MLSS were conducted in accordance with Standard Methods (China-NEPA, 2002) .
Results and discussion
A/O-MBR performance and fouling behavior
During the operation period (90 days), the A/O-MBR system exhibited steady-state performance for treating municipal wastewater. The influent and effluentCOD concentrations were maintained at approximately 160 ± 80 and 8 ± 9 mg/L, respectively, with a COD removal efficiency of 95 ± 1% (Table S1 ). The removal efficiency of NH4 + -N, TN and TP were 96 ± 1%, 65 ± 2% and 56 ± 6%, indicating that the A/O-MBR performed well during the experiment.
The development rate of TMP is an important index for evaluating membrane performance in A/O-MBRs, as it directly reflects the extent of membrane fouling. The TMP increased steadily with time during the four stages of the 90-day A/O-MBR operation (Fig. 2) . The new and chemically-cleaned modules (stages 1 and 3) exhibited lower (7.5 kPa) initial pressures and lower TMP rate increases (1.0 kPa/d) than the physically-cleaned modules (stages 2 and 4) (around 22 kPa and 2.2 kPa/d, respectively). The intrinsic membrane resistance (Rm), concentration polarization resistance (Rp), poreblocking resistance (Ri ) and cake layer resistance (Rc) contributed 20%, 38%, 9% and 33%, respectively, to the total resistance (Table 2) . It has previously been reported that concentration polarization resistance is associated with cake layer formation (Meng et al., 2007) , suggesting that the cake layer is the main factor resulting in membrane fouling, which is in agreement with the data from this study.
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Download full-size image b In the stage 2 and 4, membrane only had the physical clean at the begin of operation. Therefore, Rm was analyzed in triplicate when the operation of the membrane stopped (TMP = 40 kPa) in the stage 1 and 3: n = 6.
Additionally, Rm had little change at the initial operation according to the manufacture direction, which was similar as the fact of the long-term actual use in the lab.
Inorganic components and their structure in the cake layer
The inorganic components were classified into 4 fractions using the BCR sequential extraction procedure. The results for exchangeable (F1), reducible (F2), oxidizable (F3) and residual (F4) fractions of each inorganic element are presented in Table 1 . The residual Si (144 mg/g) and residual Al (26 mg/g) were the major inorganic elements in the cake layer, which also contained Ba, Fe, Mg and Ca (trace Zn, Mn and Cu were also detected). The municipal wastewater in this study contained high concentrations of total (360 mg/L) and soluble Si (31 mg/L) (Table 1) . Soluble Si in the influent was similar to that in the effluent (28 mg/L), indicating that most of the soluble Si flowed out with the effluent while insoluble Si was retained in the reactor. Other recent papers also reported that
Si might be dominant in cake layers without characterizing the Si form (Guo et al., 2012 , Meng et al., 2007 , Yang et al., 2011 . A comparison of Si in the cake layer and sludge indicates that the majority of the Si is retained in the cake layer with the dominant fraction residing in the residual insoluble fraction (F4). Consequently, in this study it is clear that the residual Si played a dominant role in the cake layer structure.
Ca and Mg have previously been identified as the major inorganic elements in membrane cake layers (Guo et al., 2012 , Kang et al., 2002 , Meng et al., 2005 , Meng et al., 2009 .
However, in this study, the concentrations of Ca and Mg in the influent, cake layer and sludge were much lower than that of Si (Table 1) , with Mg being especially low. It is interesting that Table 1 shows Ca concentrations of 110 mg/L in the influent and 40 mg/L in the effluent, with very little Ca in the sludge and cake layer. However, a significant amount of precipitate (Fig. S1 ) containing 130 mg Ca/g dry precipitate (Table S2) was found deposited at the bottom of reactor at the end of the treatment phase, particularly in the anoxic zone, representing significant sink for Ca within the reactor.
Fe and Al are commonly identified by SEM-EDX in cake layers of MBRs treating municipal wastewater (Meng et al., 2007 , Yang et al., 2011 . In this study, virtually all of the Fe and Al in the influent were retained in the A/O-MBR. Concentrations within the influent and effluent (Table 1) indicate that Fe and Al were significantly intercepted by the membrane and retained within the A/O-MBR system. Table 1 also shows that Al and Fe accumulated in the cake layer as part of the residual (F4) fraction. Moreover, the cake layer also contained a significant amount of residual Ba, even though influent Ba concentrations were low, indicating that Ba was effectively retained by the membrane.
XPS (Table 3 and Fig. S2 ) and XRD (Fig. S3 ) analyses were performed to further characterize the composition and structure of the inorganic cake layer components. Because of the low concentrations of most of the inorganic components in the cake layer and the sludge (Table 1 ), XPS analysis was only able to correctly identify the residual Al, Ca, Mg and Si (Table 3) . Al and Si in both the cake layer and sludge were mainly in the form of Al2O3 and SiO2 (XRD (Fig. S3 ) also predicted the crystal SiO2-Al2O3 structures), respectively, indicating that residual SiO2 was the major inorganic compoundin the cake layer. Thus, inhibiting SiO2 deposition might be a promising method to control membrane fouling for this municipal wastewater. A number of previous studies characterizing membrane cake layer composition have postulated that residual Ca occurs as CaCO3 and CaSO4, with CaCO3 as the dominant species , Guo et al., 2012 , Meng et al., 2009 . However, data from this study (Fig. S2) shows that the peak area of CaSO4was over twice that of CaCO3 in both the cake layer and the sludge, respectively, indicating that CaSO4 was the dominant form here. Additionally, Fig.   S1 and Table S2 
SEM-EDX analysis of the cake layer
To identify the distribution of inorganic materials in the membrane cake layer, SEM and both map scan and line scan EDX were performed in this study. The SEM image (250×) of the cake layer surface (Fig. S4) shows both areas with smooth surfaces (area A) and those with particle cover (area B), similar to results in other papers , Wei et al., 2011 , Zhou et al., 2014b ), Line scan EDX is a semiquantitative method to identify element distributions along a line to analyze the mass percent of elements. The cross-sectional distribution of the membrane cake layer (Fig.  S6(a) ) shows the thickness of the cake layer (∼50 μm). The cross-sectional distribution of each inorganic element (Si, Al, Ca, Mg and Fe) in the cake layer ( Fig. S6(b) ) is heterogeneous, suggesting that the inorganic element distribution on the surface of the cake layer reported in previous studies (Gao et al., 2011 , Meng et al., 2007 , may not effectively represent the inner inorganic structure of the cake layer. Scanning from the membrane surface outwards, the percentages of Fe and Ca first increase, then drop and maintain a stable fraction along the remainder of the cross-section. The percentage of Mg increased at approximately 25 μm outwards from the membrane. Along the entire cross-section, Si is the dominant element in the cake layer, which is in accord with results of Fig. S7(a) ). All 4 oxygen atoms of [SiO4] tetrahedron are then shared with Si or other metals. Additionally, the Al ionic radius of Al2O3 (0.044 nm) is close to the Si ionic radius of SiO2(0.039 nm) (Chen, 2010) . So, oxygen atoms, especially on the surface of [SiO4], strongly bond to Al atoms of Al2O3 ( Fig. S7(b) ). In addition, Al 3+ easily replaces Si of [SiO4] to become [AlO4 5− ] (Fig. S7(b) ) (Chen, 2010) . Consequently, results
indicate that Si and Al were in the form of Si-Al crystal particles (SiO2-Al2O3) along the cross-section of the cake layer. Moreover, pressure suction and cake compression can induce high crossmembrane pressures (Fig. S7(c) ), causing variations of Si-O bond length and Si-O coordination (Hazen and Finger, 1982) , allowing Al atoms to replace Si atoms or attach to O atoms with similar bond length or coordination (Chen, 2010) , accelerating the formation of new Si-Al crystals in the cake layer. Therefore, it is not surprising that Si-Al crystal particles are the major inorganic fouling components distributed within the cross-section of the MBR cake layer.
Conclusions
The structure and distribution of inorganic components in the cake layer of a submerged A/O-MBR treating municipal wastewater were reported. Novel insights into the predominant inorganic materials, especially alumina/silicate crystals, in the cake layer structure are described. BCR results show that residual inorganic elements (mainly Si and Al) are the dominant fraction in the cake layer and that Ca is present in the form of CaSO4 (dominant) and CaCO3, but has little effect on the cake layer structure.
EDX results indicate that Si and Al accumulate together along the cross-sectional membrane cake layer in the form of Si-Al (SiO2-Al2O3) crystal particles.
